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ABSTRACT: We  describe  the  functionalization  of  SWNTs  enriched  in  (6,5)  chirality  with  electron
donating macrocycles to yield rotaxane-type mechanically interlocked carbon nanotubes (MINTs).
Investigations by means of TEM and control experiments corroborated the interlocked nature of the
MINTs.  A comprehensive characterization of  the MINTs through UV-vis-NIR,  Raman,  fluorescence,
transient absorption spectroscopy, cyclic voltammetry,  and chronoamperometry was carried out.
Analyses of the spectroscopic data reveal that the MINT-forming reaction proceeds with diameter
selectivity, favoring functionalization of (6,5) SWNTs rather than larger (7,6) SWNTs. In the ground
state, we found a lack of significant charge-transfer interactions between the electron donor exTTF
and the SWNTs. Upon photoexcitation, efficient charge-transfer between the electron donating exTTF
macrocycles and SWNTs was demonstrated. As a complement, we established significantly different
charge-transfer rate constants and diffusion coefficients for MINTs and the supramolecular models,
which confirms the fundamentally different type of interactions between exTTF and SWNTs in the
presence or absence of the mechanical bond. Molecular mechanics and DFT calculations support the
experimental findings.
Introduction
Mechanically  interlocked  molecules  (MIMs)  feature
submolecular  components  linked  together  as  a
consequence of their topology,1 in the absence of covalent
bonds between them. The different constituents of MIMs
cannot be detached from one another without breaking a
covalent  bond.2 Compared to  supramolecular  constructs,
the  fingerprint  of  the  mechanical  bond  is  therefore  the
absence of equilibrium between associated and dissociated
components.  In  other  words,  the  rate  of  dissociation  in
MIMs is 0, so that they can be looked at as supramolecular
associates,  where  the  binding  constant  between  their
components is infinite.3 
Rotaxanes are a leading example of MIMs, wherein one or
more macrocycles are threaded around a linear component
(thread) from which they cannot be detached due to the
presence of bulky substituents (stoppers) at both ends of
the thread.2 The possibility of moving the macrocycle(s)
along  the  thread  in  a  controlled  fashion has  attracted  a
great deal of attention towards rotaxanes as components in
artificial  molecular  machinery.4-9 Besides  their
extraordinary  dynamic  properties,  the  mechanical  bond
between macrocycle and thread in rotaxanes often results
in a significant influence on their respective properties.10
For instance, the macrocycle can serve as a noncovalently
attached protecting group for the thread,11-16 or modulate
its  photophysical properties.17-21 These observations have
motivated  the  search  for  mechanically  interlocked
materials beyond small-molecules, including metal organic
frameworks,22-28 and polymers.29-37
One  of  the  main  reasons  carbon  nanotubes  continue  to
attract  ever-increasing  attention38-44 is  their  potential
application in the field of organic electronics.45-49 Any such
applications  will  require  a  precise  modulation  of  the
electronic properties of the nanotubes. To that end, several
strategies  for  the  covalent50-52 or  supramolecular53-56
chemical  modification  of  single  wall  carbon  nanotubes
(SWNT) have been developed. The main factor governing
SWNT electronic properties is their chirality, but strategies
for functionalizing SWNTs in a chirality selective-fashion
are scarce.57 
We have  recently  introduced  the  mechanical  bond as  a
new  tool  for  the  chemical  modification  of  SWNTs.  In
particular,  we  described  the  synthesis  of  rotaxane-type
derivatives of SWNTs – the first example of mechanically
interlocked  SWNTs  (MINTs).58-60 With  synthetic  routes
towards MINTs established, we decided to investigate the
consequences of the mechanical bond on the properties of
both SWNT and macrocycle(s).
Here, we report that the MINT-forming reaction proceeds
in a chirality-selective fashion, favoring functionalization
of  smaller  diameter  SWNTs.  Moreover,  the  mechanical
bond shows distinctive effects on the electronic properties
of macrocycles and nanotubes in MINTs. Our conclusions
are  based  on  the  complete  photophysical  and
electrochemical characterization of MINTs in comparison
with  pristine  nanotubes,  and  whenever  possible,  the
corresponding  supramolecular  model  compounds.  The
experimental results are backed up by calculations at the
molecular mechanics and DFT levels. 
Results and discussion
For  all  measurements,  we  have  used  CoMoCat  (6,5)
enriched SWNTs. The synthesis of MINTs was carried out
with the U-shape depicted in Figure 1, which features two
units  of  a  -extended  tetrathiafulvalene  (exTTF)  as
recognition  motif  towards SWNTs.61,62 The experimental
procedures  for  synthesis  and  purification  have  been
described  previously  for  other  types  of  SWNTs.60 Very
briefly,  we  exploited  the  positive  exTTF-SWNT
interaction61 to template the ring closing metathesis of  1
around  the  nanotubes,  to  form  MINTs  (Figure  1).
Unreacted 1, non-threaded 2, linear oligomers of 1, formed
in situ under the RCM reaction conditions,  catalyst, etc.
were  removed  by  extensive  washing  with  DCM.  The
MINT(6,5)-2 samples used in these experiments showed a
macrocycle loading of 32% by TGA. The extreme aspect
ratio of the nanotubes guarantees the formation of cross-
points between them, which act  as stoppers  and prevent
de-threading  of  2 in  MINTs,  even  under  reflux  in
tetrachloroethane (see the Supporting Information).60 
Figure 1. Structure of U-shape 1, macrocycle 2 and schematic
representation of the structure of MINTs.
Firstly,  we  characterized  our  samples  by  transmission
electron microscopy (TEM). To that end, the samples were
dispersed in MeOH by using ultrasonication for 10 min.
The  sample  dispersions  were  then  applied  onto  Lacey-
carbon  grids  by  the  suction  method.  Throughout  the
scanned areas, large bundles of SWNTs, on one hand, and
individualized  SWNTs  wrapped  with  objects  of
appropriate size and shape to be identified as macrocycle
2, on the other hand, were noted. Representative images
are  shown  in  Figure  2,  where  several  individual
macrocycles  are  highlighted  with  white  arrows.  The
micrographs are therefore in  perfect  agreement with the
formation of MINT(6,5)-2.
Figure  2.  Transmission  electron  micrographs  (80  kV)  of
freestanding MINT(6,5)-2 applied on a Lacey carbon/Cu film by
drop casting from a suspension in methanol.
To investigate  the  influence  of  the  mechanically  bound
macrocycle  2 on the electronic structure of SWNTs, we
performed  a  series  of  comparative  spectroscopic  assays
with  MINT(6,5)-2 and  pristine  (6,5)  SWNTs,  including
steady state absorption and emission spectroscopy, Raman
spectroscopy,  and  femtosecond  transient  absorption
spectroscopy. To this  end,  complementary  spectroscopic
studies  were  conducted  with  the  nanotube  and  MINT
samples  suspended  in  D2O  with  the  help  of
sodiumdodecylbenzenesulfonate  (SDBS)  as  a  surfactant.
Additionally,  we  performed  experiments  with
sodiumdodecylsulfate  (SDS),  which  corroborate  our
SDBS  findings  and  are  presented  in  the  Supporting
Information. 
Steady  state  absorption  spectra  give  rise  to  typical
absorption features of S22 transitions in the visible and S11
transitions  in  the  near-infrared  region  of  the  spectrum
(Figure 3). For instance, prominent absorptions for (6,5)-
SWNTs  at  569  and  979  nm  together  with  less-intense
absorptions  of  (7,6)  SWNTs,  at  647  and  1138  nm,  are
detected for the pristine nanotube sample. Although TEM
micrographs  corroborate  the  high  degree  of
functionalization for MINT(6,5)-2, the typical absorption of
the  exTTF  chromophore  is  not  noticeable,  as  we  have
previously observed.59,60 The MINT(6,5)-2 spectrum failed to
exhibit  major  changes  as  far  as  absorption  maxima are
concerned. Nevertheless, a slight broadening as well as an
overall  intensity  decrease  of  the  absorption  features  for
MINT(6,5)-2  point to weak electronic interactions between
the exTTF macrocycles and SWNTs in the ground state.
Baseline correction and subsequent normalization of the
absorption spectra of the nanotubes and MINT (6,5)-2  shed
light onto intensity variations in the ratio between peaks of
different  SWNT  chiralities.  Upon  normalizing  the
absorption relative to the 1138 nm intensity (Figure 3) the
(6,5)-SWNT related absorption peak appears significantly
weaker in MINT(6,5)-2 than in the pristine nanotubes. These
observations point to a noticeable effect of the nanotube
chirality  on  the  electronic  interactions  in  the  MINT
sample.
Figure 3. Absorption spectra of (6,5)-enriched SWNTs (black)
and  MINT(6,5)-2 (red)  in  D2O/SDBS  (1  wt%)  at  room
temperature  – the spectra  have been base-line corrected and
normalized to the 1138 nm absorption.
In  addition  to  absorption,  fluorescence  of  the  different
samples  was  probed.  Selective  excitation  with  various
wavelengths  in  a  range  between  530-800  nm  leads  to
characteristic  fluorescence features  of  (6,5),  (8,4),  (8,3),
(7,5), and (7,6) SWNTs in the near-infrared region. Even
at first glance, the 3D fluorescence maps of SWNTs and
MINT(6,5)-2 reveal  striking  differences  (Figure  4).  In
particular, appreciable fluorescence intensity variations are
noted between  the pristine and mechanically interlocked
samples.  The  aforementioned  is  accompanied  by  a
macrocycle-induced red shift of the fluorescence maxima
from 986, 1121, 965, 1029 and 1130 nm in SWNTs to 991,
1127,  968,  1033  and  1133  nm  in  MINT(6,5)-2.58,60 The
individual  emission  spectra,  shown  in  the  Supporting
Information,  clearly  demonstrate  the  selective
fluorescence quenching of smaller diameter SWNTs such
as (6,5),  (8,3), and (7,5), when compared to the slightly
larger  (8,4)  and  (7,6),  in  line  with  our  observations  in
absorption.  Given  the  similar  electronic  nature  of  these
chiralities, this selective quenching most likely stems from
a higher degree of functionalization with macrocycle 2. 
Figure  4.  3D NIR  fluorescence  spectra  of  a)  (6,5)-enriched
SWNTs and b) MINT(6,5)-2 in D2O/SDBS (1 wt%) measured
with an OD of 0.35 at 570 nm. 
We also recorded Raman spectra of SWNTs and MINT (6,5)-
2 with exc = 1064 nm. The results are shown in Figure 5.
The top part of the figure shows a comparison of the G-
band  of  (6,5)-enriched  SWNTs (black)  and  MINT(6,5)-2
(red),  which  reveals  only  slight  up-shifts  of  1.2  cm -1,
namely  from  1589.5  to  1590.7  cm-1.  This  observation
indicates very weak charge-transfer  interactions between
electron donating exTTF and SWNT in the ground state,
and is in accordance with our previous observations.60
The size selectivity was investigated by careful analysis of
the  low  frequency  radial  breathing  mode  (RBM) bands
(Figure  5,  bottom  part).  In  both  samples,  three  RBM
features, at 268, 311, and 331 cm-1 originating from (7,6),
(6,5),  and  (6,4)-SWNTs,  respectively,  were  detected.
When the spectra were normalized with respect to the G-
band intensity, a noticeable decrease in the intensity of the
RBMs  of  MINT(6,5)-2 (red)  corresponding  to  (6,5)  and
(6,4)  SWNTs was  observed  when  compared  to  pristine
nanotubes.  Although  the  Raman  based  evidence  is  less
compelling,  when  contrasted  to  the  data  acquired  the
absorption  and  emission  experiments,  the  selective
intensity decrease of only some of the RBM features is in
line  with  the  observations  described  previously.  In
summary, MINT-forming  reaction  favours
functionalization of the smaller SWNTs diameter, in good
agreement with theoretical predictions – vide infra. 
Figure 5. Raman spectra exc = 1064 nm of SWNTs (black) and
MINT(6,5)-2 (red).  Top:  Comparison  of  the  G-band.  Bottom:
comparison of the RBMs.
To investigate the impact of the mechanically bound 2 on
the  excited  state  dynamics  of  SWNTs,  we  performed
femtosecond  transient  absorption  spectroscopic
measurements.  A set  of  transient  absorption  spectra  of
MINT(6,5)-2 with time delays from 0 to 500 ps are shown in
Figure 6. The spectra are dominated by the instantaneously
occurring ground state bleaching of the S11 transitions in
the near infrared and the S22 transitions in the visible. The
minima  are  located  at  570,  648,  983,  and  1121  nm.
Features,  which are assigned to excited state absorption,
are found at 483, 531, 610, 711, 1072 and >1200 nm. In
reference measurements with (6,5)-enriched SWNTs these
features  appear  marginally  blue-shifted.  Considering the
coverage  in  MINT(6,5)-2 in  comparison  to  non-covalent
SWNT  hybrids,  in  which  SWNTs  are  densely  covered
with exTTF, small shifts are likely to evolve.61,63,64 
 
Figure  6.  Differential  absorption  spectra  obtained  upon
femtosecond pump probe experiments  (ex =  387 nm) of  a)
(6,5)-enriched SWNTs and b) MINT(6,5)-2 in SDBS/D2O (1wt
%) with several time delays between 0.6 and 125 ps at room
temperature.
More  important  are  the  differences  in  the  temporal
analyses  of  the  excited  state  decays  in  MINT(6,5)-2
compared to the unfunctionalized SWNTs. For example,
fitting the kinetic decay of the ground state bleaching of
(6,5)-enriched SWNTs in  SDBS, which  give  rise  to  the
stronger fluorescence quenching, at 1000 nm yields three
lifetimes of 230, 8, and 1 ps. The two shorter components
are  attributed  to  interband-  or  intertube  charge  carrier
recombination,  while  the  longer  component  is
characteristic  for  the  radiative  exciton  recombination.
Notably,  the  lifetimes  for  MINT(6,5)-2  are  drastically
shortened compared to the values obtained in the SWNT
reference, namely 80, 6, and 1 ps. In the insets of Figure 6,
representative time profiles taken at different wavelengths
for  MINT(6,5)-2  and  pristine  nanotubes are  compared.
Please  note  that  features  of  the  one  electron  oxidized
exTTF  appear  as  a  rather  broad  positive  absorption  at
~680  nm.61,65 In  MINT(6,5)-2,  this  wavelength  range  is,
however, dominated by ground state bleaching of SWNT
related S22 transitions. A weak positive signal at 700 nm is
discernable and taken as evidence for the exTTF oxidation
(see  the  Supporting  Information).  In  terms  of  SWNT
reduction, we turn to the 1200 to 1600 nm range, where
the  broad  and  positive  absorption  is  in  line  with
spectroelectrochemial reduction of SWNTs. Based on this
spectroscopic  comparison  we  postulate  that
photoexcitation  of  MINT(6,5)-2  is  followed  by  charge
separation – 6 ps – affording a metastable charge separated
state.  Charge  recombination  –  80  ps  –  leads  to  the
population of the ground state. 
Turning to the weakly quenched fluorescent MINT(7,6)-2 fit
at 1130 nm the kinetics are 270, 8, and 1 ps in comparison
to  350,  12,  and  1  ps  obtained  in  the  reference
measurements  with  unfunctionalized  SWNTs  in  SDBS.
Thus, relative to the shortening of the lifetimes observed
with  the smaller  (6,5)-SWNTs,  the impact  on the larger
(7,6)-SWNTs is less pronounced. 
A fair comparison of the photophysical properties of  the
supramolecular complexes SWNT + 2 vs. MINT(6,5)-2 was
prevented by the insolubility of macrocycle  2  in aqueous
solutions. However, this observation further confirms the
mechanical link between the nanotubes and 2 in MINT(6,5)-
2, which allows for the solubilization of the non-polar 2 in
water. Such  radical changes in  solubility  are  one of the
earliest and most frequent observations in the chemistry of
MIMs, and are one of the fingerprints of the mechanical
bond.66 
To investigate the influence of the mechanical link on the
redox  properties  of  macrocycle  2,  we  studied  the
electrochemical  behavior  of  solutions/suspensions
containing  1,  2, and MINT(6,5)-2, as well as mixtures of 1
or  2 with  (6,5)-SWNT with  identical  loading  of  exTTF
material. In particular, we used 0.34 mg/mL of MINT(6,5)-2
suspended  in  0.1  M  TBAP/DMF  (TBAP  =
tetrabutylammonium perchlorate). In this case, the use of
an  organic  solvent  allows  for  comparison  of  the
mechanically  interlocked  sample  with  the  relevant
supramolecular  associates.  In  particular,  we  utilized
SWNT +  1 and SWNT +  2 mixtures composed of 0.34
mg/mL of SWNT and 0.16 mg/mL of either 1 or 2, which
were also suspended in 0.1 M TBAP/DMF. As references,
U-shape  and  macrocycle  measurements, 0.16  mg/mL of
either  1 or  2  were  dissolved  in  0.1  M TBAP/DMF.  As
shown  in  Figure  7,  in  all  cases  cyclic  voltammograms
show a reversible redox couple at around 0.26 V, which is
ascribed  to  the  two-electron  oxidation/reduction  of
exTTF.67,68 
Figure 7. Cyclic voltammetry (room temperature, 10 mV/s, 0.1
M TBAP in DMF, glassy carbon as working electrode, Pt wire
as counter electrode, 1 M LiCl as reference electrode) of 0.16
mg/mL 1 (gray), and  2  (pink); 0.16 mg/mL 1 + 0.34 mg/mL
(6,5)-SWNT (blue); 0.16mg/mL 2 + 0.34 mg/mL (6,5)-SWNT
(green) and 0.34 mg/mL MINT(6,5)-2 (red). 
Table  1.  Anodic,  cathodic,  formal  and  peak  potential
separation extracted from the voltammograms of Figure 7.
Sample Ea/ mV Ec/ mV E0’ / mV Ep /mV
1 291 236 264 55
2 301 221 261 80
1 + (6,5)-SWNT 285 236 261 49
2 + (6,5)-SWNT 293 219 256 74
MINTs 291 236 264 55
Table  1  shows  the  anodic  (Ea)  and  cathodic  (Ec)  peak
potentials,  the  formal  potential  (E0’),  as  well  as  their
separation  (Ep =  Ec  −  Ea)  taken  from  cyclic
voltammograms  as  shown  in  Figure  7.  The  first
observation is that the formal potential remains basically
invariable  for  all  samples,  which  supports  the  lack  of
significant charge-transfer from exTTF to the SWNTs in
the ground state, as observed in the absorption and Raman
assays  –  vide  supra.  The  exTTF  oxidation/reduction
becomes more irreversible for 2 relative to 1. Upon mixing
with SWNTs this tendency holds, but the peak separation
is  reduced  for  both  species,  which  indicates  a  better
electron transfer and a more reversible process thanks to
the interactions with SWNTs. This effect is much stronger
in  MINT(6,5)-2,  indicating  that  there  is  a  distinctive  and
more intimate interaction between the macrocyle and the
nanotubes  in  the mechanically  interlocked  sample when
compared to the 2 + SWNT supramolecular construct. 
Moreover, different current intensities are observed for the
different  solutions/suspensions.  The  current  intensities
observed in the presence of the supramolecular models, 1
+ SWNT and 2 + SWNT, are lower than those for 1 and 2
in  the  absence  of  the  nanotubes.  Considering  that  the
concentrations  of  1 and  2 were  the  same  for  all  four
samples  (0.16  mg/mL),  the  current  intensity  is
proportional  to the diffusion coefficient  of each species.
Thus, the lower diffusion coefficients of the mixtures with
SWNTs, compared to that of pure  1  and  2, suggests that
there is a partial adsorption of the latter on the nanotube
surface. In accordance with the observations on the peak
potentials, the decrease in current intensity is more evident
in  the  case  of  MINT(6,5)-2,  again  pointing  to  stronger
interactions  between  the  (6,5)-SWNTs  and  the
macrocycles. 
To  study  the  consequences  of  this  different  interaction
between  SWNTs and  the  electroactive  exTTFs  in  more
detail,  we  have  deposited  equivalent  amounts  of  the
suspensions  and  solutions  described  above  onto  GC
electrodes by drop casting. After drying in the dark – to
avoid  the  photodecomposition  of  the  electroactive
molecule  –  under  ambient  conditions,  the  resulting
modified electrodes were transferred to an electrochemical
cell  containing  clean  electrolyte  (0.1M TBAP in  DMF)
and  cyclic  voltammograms  at  different  scan  rates  were
recorded. Figure 8 shows the results of these experiments.
In all cases, the voltammograms show the typical shape of
a surface-confined redox couple with small, although not
zero,  Ep.  They  also  show  chemically  reversible  but
electrochemically quasi-reversible charge-transfer kinetics
for  the  exTTF/exTTF2+ couple  (+0.2  V  vs  SCE),  as
indicated by their voltammetric wave-shape and changes
in  oxidative  and  reductive  peak  potentials  (Ep)  as  a
function of sweep rate.
Figure  8.  Drop  casting  modified  electrode  with  1 +  (6,5)-
SWNT  (blue),  2 +  (6,5)-SWNT  (green)  and  MINTs  (red),
electrochemical behavior in DMF/0.1M TBAP at (a) 10 mV/s,
(b) 100 mV/s and (c) 500 mV/s.
The linear  dependence of  the anodic  and  cathodic  peak
currents  (see  the  Supporting  Information)  with  the
potential sweep rate also confirms that the redox couple is
confined to the electrode surface.69
We  performed  Laviron  analysis  from  the  cyclic
voltammetry of the three configurations shown in Figure 8
to  assess  how the  presence  of  the  mechanical  bond  in
MINT(6,5)-2 affects the electron-transfer rates as compared
to  1  or  2  when they are supramolecularly attached to the
carbon nanotubes. The results are summarized in Figure 9.
Figure 9. Laviron plots of 6,5-SWNT+U-shape precursor (a) 1
+ (6,5)-SWNT; (b)  2 + (6,5)-SWNT and (c) MINT(6,5)-2; peak
potentials  at  different  scan  rates  (0.005  to  5  V.s−1)  on  GC
electrodes. (■) Ean-Oxidation peak potential, (●) Eca- Reduction
Peak Potential and (▲) (Ean+Eca)/2 formal potential.
In  all  cases,  the  peak  potentials  (Ep)  in  the  anodic  and
cathodic  scans  converge  to  the  values  of  the  formal
potential  E0’ at  low scan  rates  (),  whereas  larger  peak
separations  are  observed  at  higher  scan  rates.  The
symmetry and the similar slopes in the linear parts of each
plot  for  the  anodic  and  cathodic  branches  suggest  a
transfer coefficient α of around 0.5. Analyses of the scan
rate  dependence  yield  significantly  different  charge-
transfer rate constants for the MINT sample (21.4 s−1) and
the supramolecular models  (26.1 s−1 for  both  1  + (6,5)-
SWNT and  2  + (6,5)-SWNT). Such differences confirm
the fundamentally different type of interaction between the
electroactive  molecule  and  the  carbon  nanotube  in  the
presence  or  absence  of  the  mechanical  bond,  as  they
demonstrate a better disposition of the electroactive exTTF
fragment to interact with the electrode surface in the case
of the supramolecular models.
Finally,  we  have  performed  chronoamperometric
measurements to quantify the diffusion coefficients of 1, 2,
1  +  SWNT,  2  +  SWNT, and  MINTs,  using  a  rotating
disc/ring  electrode (RRDE).  Diffusion  coefficients  are  a
direct measurement of the size of the electroactive entity
and,  thus,  any  significant  differences  in  the  diffusion
coefficient of 1 or 2 directly relate to their interaction with
the  SWNTs.  Figure  10  shows  the  linear  fits  from
chronoamperometric experiments at glassy carbon RRDE.
We  started  recording  the  current  intensity  when  the
potential at the disc is competitive with the oxidation of
exTTF. At this moment, exTTF is oxidized at both the disk
and the ring. Consequently, the current intensity collected
at the ring decreases,  due to competitive processes.  The
time  at  which  the  current  decreases  (transit-time)  is  a
function  of  the  rotating  rate,  as  explained  in  the
Supporting  Information.70,71 As  the  rotating  rate  ()
increases, the oxidized species needs less time at the disc
to arrive to the ring. In turn, fewer of the species to be
oxidized  reaches  the  ring  electrode  and  the  current
intensity decreases.
Figure  10.  Transit  time  (ts)  vs.  Kω-1 plot  enabling  diffusion
coefficient determination of 1 (gray), 2 (pink), 1 + (6,5)-SWNT
(blue), 2 + (6,5)-SWNT (green) and (C) MINT(6,5)-2 (red).
In  the  absence  of  SWNTs,  1 and  2  show  diffusion
coefficients of 5.73 and 2.38 × 106 cm2 s−1, respectively. As
expected,  1 shows  a  significantly  larger  diffusion
coefficient, due to its quasi 1-D geometry in its extended
configuration.  Macrocycle  2,  on  the  other  hand,  is
approximately disk-shaped. In the presence of SWNTs, the
diffusion coefficient of 1 decreases significantly to 2.29 ×
106 cm2 s−1 as  a consequence of its interaction with the
carbon nanotubes. The tendency with  2 is the same, but
quantitatively speaking the decrease is much smaller for 2
+ SWNTs, for which a diffusion coefficient of 2.01 × 10 6
cm2 s−1 was  measured.  Notably, the calculated  diffusion
coefficient  is  the  average  value  of  the  diffusion
coefficients of the electroactive species present in solution.
A larger  concentration  of  species  bound  to  the  carbon
nanotube would lead to a more pronounced decrease in the
diffusion coefficients. Therefore, the experimental values
reflect  a  more  efficient  interaction  of  1 with  SWNTs
compared  to  2.  Finally,  MINT(6,5)-2 show  a  diffusion
coefficient of 5.8 × 105 cm2 s−1, that is, a decrease of nearly
one order of magnitude with respect to  1  and  2.  Such a
pronounced decrease in the diffusion coefficient is yet one
more  proof  of  fundamentally  irreversible  interactions
between  the  macrocycle  and  the  carbon  nanotube  in
MINTs.
We  have  also  modelled  the  MINTs  at  the  Molecular
Mechanics (MM) and Quantum Mechanical (QM) levels.
For  MM,  we  have  used  the  MMFF94  force  field  to
identify the SWNTs compatible with each macrocycle and
facilitate the preparation of the experiments. Although we
were mostly interested in a qualitative description of the
bonding, we remained attentive to the limitations of this
force field and only considered its results with an error bar
of  10  kcal/mol,  which  is  almost  twice  as  much  as  its
standard deviation with respect to ab initio calculations.72
In this simplified description, if the diameter of the SWNT
is smaller than the cavity of the macrocycle, its wall will
have  a  small  attractive  effect  on  the  molecule.  The
equilibrium geometries show that the thinner the SWNT
are the more the macrocycle tends to fold around it – as
much as permitted by its own internal structure – and the
more  the  alkyl  chain  spreads  over  the  surface  of  the
SWNT,  establishing  positive  dispersion  interactions.  In
this case, the closing of the ring around SWNTs is favored
by a template effect, and the absolute limit corresponds to
the smallest existing diameter of around 0.4 nm. However,
if  the  SWNT diameter  is  larger  than  the  cavity  of  the
macrocycle, the closing of the ring will only occur within
the  flexibility  limits  of  the  alkyl  chain.  In  turn,  the
interactions  between  the  SWNT  and  the  macrocycle
become repulsive. To obtain the upper diameter limit, we
optimized the geometry of the closed macrocycle around
SWNTs  of  increasing  diameters  until  their  interaction
energy reaches half the opposite of a C-H bond, namely
40 kcal/mol. This is meant to remain well below the limit
of what would become covalent bonding between SWNTs
and the macrocycle. Furthermore, we take this as the limit
at which we cannot apply the force field anymore. Using
these  criteria,  we  define  a  favourable  region  for  the
formation of MINTs and allow for the automatic screening
of  a  broad  range  of  SWNTs.  The  results  for  2 are
summarised in Figure 11 (full dataset and details can be
found  in  the  Supporting  Information).  All  SWNT
chiralities presented in the sample are indeed found in the
favourable diameter and energy ranges for the formation
of  the  MINTs.  In  agreement  with  the  absorption  and
Raman  data,  we  observe  that  the  smaller  (6,5)  SWNTs
show significantly more favourable interaction energy than
the  larger  (7,6),  in  particular,  we  have  calculated  −40
kcal/mol and −10 kcal/mol, respectively.
Figure  11.  Interaction  energies  of  a  series  of  SWNTs with
macrocycle 2 (negative = attractive). Error bars of 10 kcal/mol
have  been  represented  for  each  combination.  Blue:  most
favorable  formation  energy  range.  Orange:  unfavorable
formation energy range. Red: limit of the model. The SWNT
chiralities observed experimentally have been labelled, as well
as the largest diameter in the favourable area.  The complete
dataset is available in the supplementary material.
At the QM level, we have used Density Functional Theory
(DFT)  with  a  6-31(d)  Gaussian  basis  set  and  the  PBE
exchange-correlation  functional,  as  implemented  in  the
Gaussian  09  software  package,73 to  model  the  charge
transfer  between  2 and a (6,5)  SWNT. The results  have
been  further  processed  with  the  VESTA  software
package.74 Both  molecules  remain  neutral,  in  agreement
with  the  small  charge-transfer  interactions  observed
spectroscopically, with a very small overlap between a few
hydrogen atoms of the alkyl chain of 2 and the SWNT. As
shown in Figure 12a, the density overlap between the two
components  occurs  at  levels  below  0.014  a.u.  The
weakness  of  their  bonding  is  further  confirmed  by  the
contour  plot  in  Figure 12b for  low densities,  where  the
contour slopes are extremely steep.  The interaction of  2
with  the  SWNT  is  therefore  based  on  dispersion
interactions only, which opens up the intriguing possibility
of 2 moving freely along the SWNT.75
Figure 12. a) Isosurface plot of the electronic density at 0.014 
a.u., corresponding to the level where the intermolecular 
density bridges the SWNT and the macrocycle. b) Contour plot
of the density from 0 (blue) to 0.05 a.u. (red) within the plane 
defined by the maximum intermolecular density.
Conclusion
This  is  the first  report  in  which ample  evidence  for the
influence  of  the  mechanical  bond  on  the  properties  of
SWNTs  is  provided.  Our  results  demonstrate  that  the
formation  of  MINTs  goes  hand  in  hand  with  distinct
effects  on  the  carbon  nanotubes,  clearly  different  from
what  is  found  in  non-interlocked  supramolecular
references.
In  particular,  we  have  described  the  synthesis  and
comprehensive characterization of MINTs based on (6,5)-
enriched SWNTs and macrocycle  2.  TEM microscopy is
consistent  with  the  formation  of  rotaxane-type  species.
Raman, UV-vis-NIR absorption and vis-NIR steady state
fluorescence  indicate  that  the MINT-forming reaction  is
diameter-selective,  which,  together  with  the  remarkable
kinetic stability of MINTs,3,58-60 suggests that mechanical
interlocking  could  be  a  valuable  strategy  for  the
purification of complex mixtures of SWNTs. In the ground
state,  there  is  no significant charge-transfer  between the
electron donating exTTF and the SWNTs. However, in the
excited state, transient absorption spectroscopy prompt to
the  efficient  charge-transfer  between  the  exTTF
macrocycles  as  electron donors  and  SWNTs as  electron
acceptors.
The  significantly  different  charge-transfer  rate  constants
for  MINTs and  the  supramolecular  models  confirm  the
different  type  of  interactions  between  the  exTTF  and
SWNT in the presence or absence of the mechanical bond.
In  addition,  significant  differences  in  the  diffusion
coefficients  reflect  irreversible  interactions  between  the
macrocycle and SWNT in MINTs.
From the multi-level theoretical description, we are able to
preselect  the  best  SWNT  candidates  for  MINT
functionalization  and  check  the  absence  of  covalent
bonding  between  SWNTs  and  the  macrocycles.  The
screening  at  the  MM  level  can  also  be  automated  to
accelerate the matching of SWNT-macrocycle pairs. As an
add-on,  the  MM description  is  able  to  quickly  provide
relevant  information  about  the  overall  flexibility  of  the
macrocycles  and  has been  used  to  eliminate  precursors,
which would be too rigid to close around SWNTs, before
trying their synthesis experimentally.
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